Introduction {#s1}
============

The Malayan pangolin (*Manis javanica*) is a toothless mammal that specializes in myrmecophagy, eating mostly ants and termites, and is classified as critically endangered in accordance with the International Union for Conservation of Nature (IUCN) Red List of Threatened Species R (Challender et al., [@B14]). This species is also included in Appendix I (Available online at: <https://cites.org/eng/app/appendices.php#>) of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES I). Concerted efforts have been made to conserve and rescue this species in captivity in China because of its threatened status and continuing decline in the wild (Ma et al., [@B40]). It is a significant challenge to maintain this species in captivity. One of the reasons is that the molecular mechanism of its digestion is unknown, and its diet causes great digestive challenges to *M. javanica*. The nutritional values of ants and termites are not obviously different from other terrestrial invertebrates, but much more fat is present in their larval and alate forms than in their other forms (Redford and Dorea, [@B52]). There is also high protein content in termites and ants, as well as, chitin in the exoskeletons of these insects. The digestive tracts of *M. javanica* do not show notable anatomical adaptations that might present an increased potential for the digestion of particular nutrients, such as chitin. Instead, pangolins have a muscular stomach and a large oxyntic gland mass, which is thought to assist with the digestion of termites and ants (Nisa et al., [@B47]). Nevertheless, macroscopic inspection of fecal samples in diet characterization studies (Taylor et al., [@B57]; Miranda et al., [@B44]) and some functional assays of fecal intestinal microbes (Delsuc et al., [@B25]; Macdonald et al., [@B41]) have suggested that the intestinal microbiomes of mammalian myrmecophages could facilitate chitin degradation and assimilation, implying that intestinal bacteria might help *M. javanica* adapt to their ant and termite diet. Another reason for the poor adaptability of pangolins to the captive environment relates to disease control. Pangolins are highly susceptible to different kinds of illnesses, including pneumonia, gastrointestinal diseases, skin diseases, and parasites (Chin et al., [@B19], [@B18]; Wicker et al., [@B63]; Bao et al., [@B7]). More knowledge of the pathogen spectrum might help improve the health of captive pangolins. Unfortunately, directly analyzing the molecular mechanisms of the immune system and diseases in pangolins is difficult because of the limited number of available samples. Recent studies have found that microbes play important roles in the health of the host, having profound influences on vertebrate physiology, metabolism, and immune functions (Cani et al., [@B12]; Clemente et al., [@B21]; Martín et al., [@B43]; Angelakis et al., [@B2]; Boursier et al., [@B9]; He et al., [@B30]; Xiao et al., [@B64]). For example, gut microbes play a role in the host\'s immunity, behavior, reproductive isolation, and metabolism (Cryan and Dinan, [@B23]; Brucker and Bordenstein, [@B10]; Ramakrishna, [@B51]; Thaiss et al., [@B58]). Conversely, many factors affecting the health of the host, including certain diseases, can alter microbial function (David et al., [@B24]; Goodrich et al., [@B29]). The gut microbes rely on the animal host and help the host complete a variety of physiological and biochemical functions. The gut is vital to digestion and nutrient absorption, and it also plays an important role in animal metabolism (Duffy et al., [@B26]). In addition, gut microbes compose the largest immune system organ, which not only can adjust its composition and its metabolites to the animal, but can also mediate the interactions between the host and its diet (Cani and Knauf, [@B13]). A previous study found that a pathobiont in the gut, *Enterococcus gallinarum*, could translocate to the liver and other tissues and trigger autoimmune responses in individuals with a genetic background predisposed to autoimmunity (Manfredo Vieira et al., [@B42]). The communication that happens on the intestinal mucosal surface helps with the establishment and development of the immune system, making the surface an important immune barrier in the host.

Here, two questions are raised for *M. javanica*. How do the nutrient metabolism functions of the gut microbiome relate to myrmecophagy? Is the gut microbiota associated with diseases in *M. javanica*? To answer these questions and to facilitate the protection of this endangered species, we analyzed the microbiome in fecal samples of *M. javanica* using shotgun metagenomic sequencing. We compared the gut microbiota of healthy individuals with that of individuals suffering from diseases, in order to gain an understanding of the microbial ecosystem in the gut, the interactions among specific dietary factors and diseases, and the gut microbiota in this interesting species.

Materials and methods {#s2}
=====================

Sample collection
-----------------

Fecal samples from *M. javanica* were collected, immediately frozen in liquid nitrogen, and then stored at −80°C until DNA extraction. The four individuals were two healthy female *M. javanica*, named A-1 and A-2 (Group A), and two individuals that had died of diseases. Post-mortem analysis of the two dead pangolins, a male named B-1 and a female named B-2 (Group B), from the Dongguan Institute of Qingfengyuan Animal Medicine (Dongguan, Guangdong, China) revealed inflammation in the lungs. Detailed information about these samples are presented in Table [S1](#SM1){ref-type="supplementary-material"}. DNA extractions were performed according to the protocol recommended by the manufacturer of the Stool DNA Kit (Magen, Guangdong, China) by using 200 mg feces per sample. The resulting concentrations of fecal DNA were measured by using a NanoDrop spectrophotometer.

DNA sequencing
--------------

Following the instructions of the manufacturer (BGI Genomics, BGI-Shenzhen, Shenzhen 518083, China), we constructed paired-end DNA libraries with different insert sizes of clones and carried out sequencing on the Illumina HiSeq platform.

DNA assembly and construction of the gene catalog
-------------------------------------------------

To obtain clean data, raw reads were filtered to eliminate adaptor contamination and low-quality reads, including (a) reads containing 10% or more ambiguous bases (N bases), (b) reads containing adapter sequences (default: 15 bases overlapped between read and adapter), and (c) reads containing 50% or more low-quality (Q \< 20) bases. The remaining reads were considered high-quality reads. For host-related environmental samples, an additional preprocessing step was provided to ensure the reliability of subsequent bioinformatics analysis. This preprocessing step removes sequences that map to the host genome (INSDC: JSZB00000000.1) with more than 90% similarity. To construct a comprehensive gene catalog of gut microbes of *M. javanica*, we assembled the reads *de novo* from each sample into longer contigs with SOAPdenovo2 (Luo et al., [@B39]) and Rabbit (You et al., [@B66]). The reads were assembled with a series of different k-mer sizes in parallel per sample. Then, the reads were mapped back to each assembly result with SOAP 2 (Li et al., [@B36]), and the optimal k-mer size and assembly result were chosen depending on both mapping rate and contig N50. N50 is important to evaluate the integrity of gene sequencing. To identify N50, we arranged the contigs or scaffolds from the largest to the smallest and calculated the total length of all the assembly sequences. Then, the size of the contig or scaffold at which the cumulative length became 50% of the total length defined the value of N50. During the assembly process, the contigs longer than 500 bp were analyzed further. Based on the assembly results, the open reading frames were predicted using the software MetaGeneMark (Zhu et al., [@B68]) (version 2.10, default parameters, <http://topaz.gatech.edu/GeneMark>). Genes from different samples were combined and clustered using CD-Hit (Li and Godzik, [@B37]) (threshold of sequence identity 95% and threshold of alignment coverage 90%). For each sample, the high-quality reads were aligned against the gene catalog by Bowtie2 (Langmead et al., [@B34]) using the very-sensitive parameter. The Bowtie2 parameters for paired-end reads are listed below: -p8 --very-sensitive-local -k 100 --score-min L, 0, 1, 2.

All the predicted genes were blasted against public databases (blast, *e* \< 0.00001), including the Antibiotic Resistance Genes Database (ARDB, Version 1.1, <http://ardb.cbcb.umd.edu/>); the Carbohydrate-Active enZYmes Database (CAZy, Version 20120313, <http://www.cazy.org/>); Gene Ontology (GO, <http://www.geneontology.org/>), describing biological processes, cellular components, and molecular functions; the Kyoto Encyclopedia of Genes and Genomes (KEGG, Version 81, <http://www.genome.jp/kegg/>), based on molecular-level information, to understand the high-level functions and utilities of biological systems, such as the cell, organism, and ecosystem; the non-redundant protein database (nr, Version 20160219, <ftp://ftp.ncbi.nih.gov/blast/db/>); and a manually annotated, non-redundant protein sequence database (Swiss-Prot, Version release-2015_04, <http://www.uniprot.org/>).

Taxonomic assignment of genes and construction of taxonomy and profiles of relative abundance
---------------------------------------------------------------------------------------------

The output files of nr BLAST were analyzed using MEGAN (Version 5, <http://ab.inf.uni-tuebingen.de/software/megan4/>) (Huson et al., [@B32]). The software reads the results of a BLAST comparison as input and attempts to place each read on a node in the NCBI taxonomy using the lowest common ancestor (LCA) algorithm. The NCBI taxonomy is displayed as a tree, and the size of each node is scaled to show how many reads are assigned to the corresponding taxon. Then, the relative abundance of each taxonomic level was summed from the same taxonomy. The relative abundances of all taxonomic groups were used to generate taxonomy--relative abundance profiles of all samples.

Computation of relative gene abundance
--------------------------------------

Reads mapping to multiple genes were reassigned to a "most likely" gene using PathoScope v1.0 (Francis et al., [@B28]), which uses a Bayesian framework to examine each read\'s sequence and mapping quality within the context of a global reassignment.

Differential analysis of the genus abundance between the two groups
-------------------------------------------------------------------

To identify genera showing different abundances in the group A and group B gut metagenomic datasets, the differences between the two groups were analyzed using STAMP (<http://kiwi.cs.dal.ca/Software/STAMP>), and the software package (Parks et al., [@B48]) was used to test for significant differences. A two-sided Welch\'s *t*-test was used in the two-group analysis (Parks et al., [@B48]).

Results {#s3}
=======

Sequencing and *de novo* assembly of metagenome
-----------------------------------------------

A total of 28.66 Gb of high-quality data were sequenced, with an average of 7.18 Gb for each sample (SRA accession: SRP 152412) after removing low-quality reads, N reads, and adaptor sequences. Their proportions in the raw data are shown in Figure [S1](#SM1){ref-type="supplementary-material"}. The statistics of the raw data, clean data, and preprocessed data are shown separately in Table [1](#T1){ref-type="table"}.

###### 

Summary of sequencing data for each sample.

  **Sample**   **Raw reads**   **Clean reads**   **Clean/Raw (%)**   **Preprocessed reads**   **Preprocessed/Raw (%)**
  ------------ --------------- ----------------- ------------------- ------------------------ --------------------------
  A-1          62,101,040      47,667,966        76.76               NA                       NA
  A-2          62,042,452      47,239,496        76.14               NA                       NA
  B-1          63,606,778      48,32,110         76.14               NA                       NA
  B-2          65,136,336      47,759,588        73.32               NA                       NA

The best assembly with different k-mer sizes was chosen based on contig N50 and mapping rate. A summary of the assembly results is shown in Table [2](#T2){ref-type="table"}. The distribution of the lengths of the contigs is shown in Figure [S2](#SM1){ref-type="supplementary-material"}.

###### 

Statistics of the assembly results.

  **Sample**   **Kmer (bp)**   **Contig number**   **Assembly length (bp)**   **N50 (bp)**   **N90 (bp)**   **Max (bp)**   **Min (bp)**   **Average size (bp)**   **Mapping rate (%)**
  ------------ --------------- ------------------- -------------------------- -------------- -------------- -------------- -------------- ----------------------- ----------------------
  A-1          51              31,605              97,804,197                 9,296          974            470,796        500            3,094                   71.55
  A-2          71              28,268              64,981,646                 5,352          770            561,084        500            2,298                   60.05
  B-1          51              43,354              106,048,061                5,488          824            721,113        500            2,446                   55.79
  B-2          71              18,081              53,676,611                 9,409          929            524,603        500            2,968                   74.7

A gene catalog of the *manis javanica* gut microbiome
-----------------------------------------------------

A non-redundant catalog of 211,868 genes was constructed. The distribution of the lengths of the genes is shown in Figure [1](#F1){ref-type="fig"}. The numbers of genes in each sample were as follows: A-1, 128,854; A-2, 107,488; B-1, 130,868; and B-2, 79,124. To obtain information on gene function, the genes were blasted separately against the ARDB, CAZy, GO, KEGG, Swiss-Prot, and nr databases. Overall, a total of 202,939 genes matched the six databases. A total of 200,380 genes were annotated in the nr database, followed by 74,273, 153,664, 109,337, 8,535, and 247 genes annotated in the Swiss-Prot, GO, KEGG, CAZy, and ARDB databases, respectively (File S1).

![Length distribution of genes. The X-axis indicates the length intervals, and the Y-axis represents the number of genes.](fmicb-09-02793-g0001){#F1}

Analysis of KEGG pathways
-------------------------

KEGG metabolic pathways provide a description of the metabolism of *M. javanica* gut cells (Figure [S3](#SM1){ref-type="supplementary-material"}). A total of 41,711 genes were associated with 147 unique KEGG metabolic pathways, suggesting that the gut microbiome of *M. javanica* has been involved in the metabolism of carbohydrates (14,134 genes), amino acids (9,936 genes), vitamins (7,244 genes), nucleotides (5,576 genes), lipids (3,496 genes), glycans (2,975 genes), and xenobiotics (1,643 genes). Some genes were associated with global and overview maps (34,796 genes), energy metabolism (6,797 genes), and the metabolism of other amino acids (2,833 genes), whereas some of the genes were relevant to secondary metabolite biosynthesis (1,832 genes) and terpenoid and polyketide metabolism (1,565 genes) (File S2).

Carbohydrate metabolism
-----------------------

Amino sugar and nucleotide sugar metabolism (3,155 genes), glycolysis/gluconeogenesis (2,690 genes), starch and sucrose metabolism (2,471 genes), and pyruvate metabolism (2,235 genes) accounted for the largest number of genes in the lists, whereas inositol phosphate metabolism (228 genes) was associated with the smallest number of genes (Figure [2A](#F2){ref-type="fig"}).

![Metabolic pathway analysis of genes. The X-axis shows the numbers of annotated genes in one class, and the Y-axis shows the KEGG functional classes. **(A)** Carbohydrate metabolism, **(B)** amino acid metabolism, **(C)** lipid metabolism, **(D)** nucleotide metabolism, **(E)** metabolism of cofactors and vitamins, **(F)** glycan biosynthesis and metabolism, **(G)** xenobiotics biodegradation and metabolism, and **(H)** metabolism of other amino acids.](fmicb-09-02793-g0002){#F2}

The chitin-degrading enzyme in the insect cuticle and the peritrophic membrane of ants was found in the pathway of amino sugar and nucleotide sugar metabolism (KEGG: 00520), suggesting that the gut microbiome of *M. javanica* may utilize this pathway to facilitate the digestion of ants (Figure [S4](#SM1){ref-type="supplementary-material"}).

Amino acid metabolism
---------------------

Cysteine and methionine metabolism (1,926 genes); alanine, aspartate, and glutamate metabolism (1,757 genes); glycine, serine and threonine metabolism (1,735 genes); and phenylalanine, tyrosine, and tryptophan biosynthesis (1,096 genes) accounted for the largest number of genes in the amino acid metabolism list. Tryptophan metabolism was associated with the smallest number of genes (Figure [2B](#F2){ref-type="fig"}).

Lipid metabolism
----------------

Glycerophospholipid metabolism (1,003 genes), fatty acid biosynthesis (945 genes), glycerolipid metabolism (766 genes), and sphingolipid metabolism (584 genes) included the largest number of genes in the lipid metabolism list; in contrast, fatty acid elongation (1 gene) and steroid biosynthesis (1 gene) involved the smallest number of genes (Figure [2C](#F2){ref-type="fig"}).

Nucleotide metabolism
---------------------

Only two pathways were listed: purine metabolism (3,885 genes) and pyrimidine metabolism (3,118 genes) (Figure [2D](#F2){ref-type="fig"}).

Metabolism of cofactors and vitamins
------------------------------------

Porphyrin and chlorophyll metabolism (1,326 genes), one carbon pool by folate (900 genes), thiamine metabolism (875 genes), and pantothenate and CoA biosynthesis (875 genes) accounted for the largest number of genes in the cofactor and vitamin metabolism list. The smallest number was related to retinol metabolism (78 genes) (Figure [2E](#F2){ref-type="fig"}).

Glycan biosynthesis and metabolism
----------------------------------

Peptidoglycan biosynthesis (1,291 genes), other glycan degradation (824 genes), lipopolysaccharide biosynthesis (557 genes), and glycosaminoglycan degradation (308 genes) accounted for the largest number of genes in the glycan biosynthesis and metabolism list. Mannose type O-glycan biosynthesis (1 gene) involved the smallest number of genes. No genes were found in the following categories: mucin type O-glycan biosynthesis, other types of O-glycan biosynthesis, glycosaminoglycan biosynthesis---chondroitin sulfate/dermatan sulfate,---heparan sulfate/heparin, ---keratan sulfate, glycosylphosphatidylinositol (GPI)---anchor biosynthesis, and glycosphingolipid biosynthesis---lacto and neolacto series (Figure [2F](#F2){ref-type="fig"}).

Xenobiotics biodegradation and metabolism
-----------------------------------------

Drug metabolism---other enzymes (546 genes), benzoate degradation (321 genes), chloroalkane and chloroalkene degradation (278 genes), and naphthalene degradation (185 genes) accounted for the largest number of genes in the xenobiotic biodegradation and metabolism list. Steroid degradation (1 gene) involved the smallest number of genes (Figure [2G](#F2){ref-type="fig"}).

Metabolism of other amino acids
-------------------------------

There were six lists, namely selenocompound metabolism (752 genes), cyanoamino acid metabolism (533 genes), glutathione metabolism (467 genes), taurine and hypotaurine metabolism (290 genes), beta-alanine metabolism (265 genes), and D-glutamine and D-glutamate metabolism (252 genes) (Figure [2H](#F2){ref-type="fig"}).

Gene ontology (GO)
------------------

There were 153,664 genes classified into 54 small classes in three ontology categories, namely biological process, molecular function, and cellular component, when the *M. javanica* gut microbiome genes were annotated with the GO database.

Under biological process, the terms with the largest numbers of genes were metabolic process (88,850), cellular process (79,805), and single-organism process (64,590). The fourth most abundant process was biological regulation (17,948), which was followed by regulation of biological process (17,277), response to stimulus (12,030), cellular component organization or biogenesis (5,688), and signaling (5,108). The terms associated with metabolic process and biological regulation may indicate the involvement of the gut microbiome of *M. javanica* in varied digestive activities.

In the ontology category of molecular function, the sequences were mainly assigned to catalytic activity (95,050) and binding (67,865), followed by transporter activity (15,375), nucleic acid binding transcription factor activity (6,135), receptor activity (4,936), and molecular transducer activity (3,105), which might be associated with food digestion and absorption.

As anticipated, membrane (51,232), cell (42,779), and cell part (42,268) were the predominant terms under the cellular component category, followed by membrane part (42,442), macromolecular complex (6,374), and organelle (3,470) (Figure [3](#F3){ref-type="fig"}).

![Gene Ontology (GO) classification analysis of genes. The X-axis shows the GO function classes. The right side of the Y-axis shows the number of genes having that GO function, and the left side shows the percentage.](fmicb-09-02793-g0003){#F3}

Carbohydrate-active enZYmes (CAZy) database
-------------------------------------------

Four main kinds of enzymes are related to carbohydrate degradation: glycoside hydrolases (GHs), glycosyl transferases (GTs), polysaccharide lyases (PLs), and carbohydrate esterases (CEs). In addition, carbohydrate-binding modules (CBMs), representing adhesion to carbohydrates, were also included. These analyses found 5,044 genes from 88 different GH families, 2,309 genes from 31 different GT families, 165 genes from 14 PL families, 619 genes from 13 CE families, and 989 genes from 33 CBM families in the CAZy database (Table [3](#T3){ref-type="table"}).

###### 

Enzymes related to carbohydrate degradations.

  **Carbohydrate-Active Enzymes**       **Gene family**
  ------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Glycoside Hydrolases (GHs)            GH0,GH1,GH10,GH101,GH102,GH103,GH104,GH105,GH106,GH108,GH109,GH110,GH112,GH113,GH115,GH116,GH117,GH12,GH120,GH123,GH125,GH126,GH127,GH128,GH129,GH13,GH130,GH15,GH16,GH17,GH18,GH19,GH2,GH20,GH23,GH24,GH25,GH26,GH27,GH28,GH29,GH3,GH30,GH31,GH32,GH33,GH35,GH36,GH37,GH38,GH39,GH4,GH42,GH43,GH48,GH5,GH50,GH51,GH53,GH55,GH57,GH59,GH63,GH65,GH66,GH67,GH73,GH74,GH76,GH77,GH78,GH79,GH8,GH81,GH84,GH85,GH88,GH89,GH9,GH90,GH91,GH92,GH93,GH94,GH95,GH97,GH98,GH99
  Glycosyl Transferases (GTs)           GT9,GT11,GT35,GT4,GT2,GT56,GT8,GT28,GT0,GT51,GT32,GT83,GT5,GT14,GT20,GT26,GT30,GT19,GT1,GT44,GT25,GT3,GT6,GT23,GT39,GT66,GT73,GT10,GT63,GT84,GT41
  Polysaccharide Lyases (PLs)           PL0,PL1,PL10,PL11,PL12,PL13,PL15,PL17,PL21,PL5,PL6,PL7,PL8,PL9
  Carbohydrate Esterases (CEs)          CE0,CE1,CE10,CE11,CE12,CE14,CE15,CE2,CE4,CE6,CE7,CE8,CE9
  Carbohydrate-Binding Modules (CBMs)   CBM0,CBM12,CBM13,CBM18,CBM2,CBM20,CBM22,CBM23,CBM25,CBM26,CBM27,CBM3,CBM32,CBM33,CBM34,CBM35,CBM37,CBM4,CBM40,CBM41,CBM46,CBM47,CBM48,CBM5,CBM50,CBM51,CBM56,CBM57,CBM58,CBM59,CBM6,CBM61,CBM9

*There are mainly four kinds of enzymes related to carbohydrate degradations: Glycoside Hydrolases (GHs), Glycosyl Transferases (GTs), Polysaccharide Lyases (PLs), Carbohydrate Esterases (CEs). In addition, Carbohydrate-Binding Modules (CBMs) representing adhesion to carbohydrates are also included*.

More than 100 gene modules involved in cellulose hydrolysis were found in our dataset, including the catalytic domains of GH5 cellulases, GH51 endoglucanase/arabinofuranosidases, GH94 cellobiose or cellodextrin phosphorylases, and a smaller number of GH48, GH74, GH8, and GH9 endoglucanases. By comparison, gene modules relevant to the catalytic domains of important components of several well-studied microbial cellulase systems (e.g., GH44, GH45, and GH6 endoglucanases/cellobiohydrolases) were absent.

A total of 114 gene modules were found in our dataset corresponding to the catalytic domains of the GH18 family enzymes, including chitinase genes of classes III and V. Fourteen gene modules corresponded to the catalytic domains of GH19 family enzymes, including chitinase genes of classes I, II, and IV.

Taxonomic statistics
--------------------

A total of 1,811 microbe species were found. The number of microbial species in each individual was 886, 1,157, 1,237, and 1,355 (File S3). Many strains belonged to the following genera: *Bacteroides* (59 species), *Clostridium* (57 species), *Bacillus* (48 species), *Streptococcus* (48 species), *Lactobacillus* (42 species), *Paenibacillus* (41 species), *Prevotella* (41 species), *Bifidobacterium* (33 species), *Enterococcus* (33 species), *Pseudomonas* (26 species), *Lachnospiraceae* (20 species), and *Vibrio* (20 species). The dominant species in all four *M. javanica* samples were *Bacteroides caccae, B. fluxus, B. fragilis, B. thetaiotaomicron, Clostridium paraputrificum, C. symbiosum, Enterococcus dispar, E. faecalis, Escherichia coli, Flavonifractor plautii, Hungatella hathewayi, Morganella morganii, Parabacteroides gordonii, Proteus mirabilis, Pseudomonas aeruginosa*, and *Terrisporobacter glycolicus*. The specific dominant species in the two healthy individuals were *C. paraputrificum* and *T. glycolicus*, while *P. aeruginosa* and *P. gordonii* were the dominant species in the two diseased individuals (Figure [4](#F4){ref-type="fig"}). We also identified a number of species in the genera *Cellulosimicrobium, Arthrobacter, Chitinimonas, Chitinophaga, Enterobacter, Klebsiella, Staphylococcus*, and *Lactococcus* (Table [4](#T4){ref-type="table"}) that probably play a role in cellulose digestion and may degrade chitin. Several of these species, including *B. fragilis, E. coli, B. fluxus, B. caccae, B. thetaiotaomicron*, and *B. ovatus*, were prevalent in all four samples.

![Taxonomy classification summary. The top 8 annotations in four *Manis javanica* at species level are shown in different colors. **(A)** Taxonomy classify summary (A-1), **(B)** taxonomy classify summary (A-2), **(C)** taxonomy classify summary (B-1), and **(D)** taxonomy classify summary (B-2).](fmicb-09-02793-g0004){#F4}

###### 

Microbe species related to cellulose digestion or chitin degradation.

  **Genus**              **Species**
  ---------------------- --------------------------------
  *Cellulosimicrobium*   *Cellulosimicrobium cellulans*
  *Chitinimonas*         *Chitinimonas koreensis*
  *Chitinophaga*         *Chitinophaga pinensis*
  *Enterobacter*         *Enterobacter cloacae*
  *Klebsiella*           *Klebsiella oxytoca*
                         *Klebsiella pneumoniae*
  *Staphylococcus*       *Staphylococcus aureus*
                         *Staphylococcus epidermidis*
                         *Staphylococcus haemolyticus*
                         *Staphylococcus hyicus*
                         *Staphylococcus phage Twort*
                         *Staphylococcus sciuri*
  *Lactococcus*          *Lactococcus lactis*

A total of 37 species belonging to four phyla (Bacteroidetes, Cyanobacteria, Firmicutes, and Proteobacteria) contained 58 gene modules of GH18 and GH19; 13 *Bacteroides* species are shown in Table [5](#T5){ref-type="table"}, and the sequences of the genes are shown in File S4.

###### 

Microbe species related to genes of chitin digestion.

  **Gene_id**                                                                                                                                      **Sepcies**
  ------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------
  \[denovogenes\]\_68467                                                                                                                           *\[Clostridium\] cellulolyticum*
  \[denovogenes\]\_151116, \[denovogenes\]\_74830                                                                                                  *\[Ruminococcus\] gnavus*
  \[denovogenes\]\_42081                                                                                                                           *Anaerostip*es sp. 3_2\_56FAA
  \[denovogenes\]\_61326                                                                                                                           *Bacteroides caccae*
  \[denovogenes\]\_79414                                                                                                                           *Bacteroides faecis*
  \[denovogenes\]\_17967                                                                                                                           *Bacteroides fluxus*
  \[denovogenes\]\_61119, \[denovogenes\]\_64063, \[denovogenes\]\_136569                                                                          *Bacteroides fragilis*
  \[denovogenes\]\_55755                                                                                                                           *Bacteroides helcogenes*
  \[denovogenes\]\_66063                                                                                                                           *Bacteroides massiliensis*
  \[denovogenes\]\_61999, \[denovogenes\]\_76501                                                                                                   *Bacteroides ovatus*
  \[denovogenes\]\_121873, \[denovogenes\]\_55512                                                                                                  *Bacteroides* sp. *D2*
  \[denovogenes\]\_20169, \[denovogenes\]\_56831                                                                                                   *Bacteroides* sp. *D22*
  \[denovogenes\]\_21169, \[denovogenes\]\_24780, \[denovogenes\]\_55984, \[denovogenes\]\_61438, \[denovogenes\]\_65266, \[denovogenes\]\_82405   *Bacteroides thetaiotaomicron*
  \[denovogenes\]\_100953                                                                                                                          *Bacteroides uniformis*
  \[denovogenes\]\_60040                                                                                                                           *Bacteroides vulgatus*
  \[denovogenes\]\_55052                                                                                                                           *Bacteroides xylanisolvens*
  \[denovogenes\]\_134103                                                                                                                          *Butyricicoccus pullicaecorum*
  \[denovogenes\]\_106655                                                                                                                          *Cellulosilyticum lentocellum*
  \[denovogenes\]\_7860                                                                                                                            *Citrobacter rodentium*
  \[denovogenes\]\_43771                                                                                                                           *Citrobacter werkmanii*
  \[denovogenes\]\_101794, \[denovogenes\]\_116160                                                                                                 *Clostridiales bacterium 1_7\_47FAA*
  \[denovogenes\]\_90393                                                                                                                           *Clostridioides difficile*
  \[denovogenes\]\_84094, \[denovogenes\]\_98045                                                                                                   *Clostridium botulinum*
  \[denovogenes\]\_93205                                                                                                                           *Clostridium celatum*
  \[denovogenes\]\_28627, \[denovogenes\]\_5543, \[denovogenes\]\_67187                                                                            *Clostridium paraputrificum*
  \[denovogenes\]\_64813, \[denovogenes\]\_78835                                                                                                   *Enterococcus faecalis*
  \[denovogenes\]\_34460                                                                                                                           *Epulopiscium* sp. '*N.t. morphotype B\'*
  \[denovogenes\]\_4353                                                                                                                            *Escherichia coli*
  \[denovogenes\]\_19914, \[denovogenes\]\_20262                                                                                                   *Flavonifractor plautii*
  \[denovogenes\]\_115156, \[denovogenes\]\_143438                                                                                                 *Heliobacillus mobilis*
  \[denovogenes\]\_121842                                                                                                                          *Hungatella hathewayi*
  \[denovogenes\]\_77129                                                                                                                           *Lachnoclostridium phytofermentans*
  \[denovogenes\]\_41394                                                                                                                           *Lachnospiraceae bacterium 7_1\_58FAA*
  \[denovogenes\]\_119305                                                                                                                          *Nodosilinea nodulosa*
  \[denovogenes\]\_28742, \[denovogenes\]\_139898, \[denovogenes\]\_139972, \[denovogenes\]\_142955                                                *Pseudomonas aeruginosa*
  \[denovogenes\]\_139146                                                                                                                          *Ruminococcaceae bacterium D16*
  \[denovogenes\]\_67050                                                                                                                           *Salmonella enterica*

Differential analysis of gene abundance
---------------------------------------

To examine the similarities between groups A and B, the relative abundances of genes and their corresponding functions in the different samples were calculated. A total of 98,260 genes were abundant in the two groups. The results of the differential analysis of gene abundance showed that 52,574 genes were more abundant in group A than in group B, while 49,546 were more abundant in group B than in group A. A total of 74,918 genes were abundant in both samples of group A, while 54,046 genes were abundant in both samples of group B (Figure [5](#F5){ref-type="fig"}).

![Venn diagrams. The numbers of genes that were shared or not shared by the four individuals, depending on overlaps, are shown. For this presentation, two individuals had to be combined, thus affecting the number of genes shared by both individuals. **(A)** The number of genes shared by groups A and B. **(B)** The number of genes shared by the two individuals of group A. **(C)** The number of genes shared by the two individuals of group B.](fmicb-09-02793-g0005){#F5}

The analysis of the function of these genes with differential abundance was carried out based on the GO and KEGG databases. The top terms in the GO database were catalytic activity and metabolic process (Figure [6A](#F6){ref-type="fig"}). For the analysis of KEGG pathways, two-component system and ABC transporters were the most enriched pathways (Figure [6B](#F6){ref-type="fig"}). A STAMP analysis was also used to establish the relative proportions of the various species between groups A and B. The STAMP analysis revealed 27 species that were differentially abundant between the two groups. Twenty species had greater abundance in healthy pangolin individuals; these species were *Anaerococcus hydrogenalis, Bacteroides pectinophilus, Cellulosilyticum lentocellum, Clostridium carboxidivorans, C. cellulolyticum, Desulfotomaculum alkaliphilum, Desulfosporosinus sp. OT, Enterococcus phage SAP6, E. phage BC611, Lachnoclostridium phytofermentans, Lactobacillus salivarius, L. reuteri, Paenibacillus alvei, P. massiliensis, Peptostreptococcus anaerobius, P. stomatis, Peptoniphilus indolicus, Sphaerochaeta pleomorpha, Streptococcus caballi*, and *Syntrophobotulus glycolicus*, among which *C. lentocellum* and *L. reuteri* were the most abundant. In contrast, seven species, namely *Odoribacter splanchnicus, Marinilabilia salmonicolor, X. citri, Xanthomonas vasicola, Oxalobacter formigenes, Prolixibacter bellariivorans*, and *C. bolteae*, had greater abundance in diseased pangolin individuals (Figure [7](#F7){ref-type="fig"}).

![KEGG pathway and Gene Ontology (GO) classification analysis of genes with different abundance between the group A and B samples. **(A)** GO functional classification. **(B)** Top 20 statistics of pathway enrichment for A group vs. B group.](fmicb-09-02793-g0006){#F6}

![Metagenomic profile comparisons of differentially abundant species between the group A and B samples using STAMP analysis. A positive difference between proportions denotes a greater abundance in group A (orange), whereas a negative difference between proportions shows a greater abundance in group B (orange) for the given gene. Corrected *P*-values (*q*-values) were calculated based on G Test (w + Yates) + Fisher\'s statistical test using Story\'s FDR approach. Features with *q* \< 0.05 were considered significant and were thus retained.](fmicb-09-02793-g0007){#F7}

Discussion {#s4}
==========

In this work, we present the first Illumina GA short-read-based sequencing of total fecal DNA from a cohort of four pangolins---two healthy and two diseased individuals---to obtain a catalog of non-redundant intestinal microbial genes. The sample size was limited to two individuals for each study group due to the difficulty of obtaining samples from this critically endangered mammal, and particularly from diseased individuals. The differences between the two groups were analyzed using STAMP software. A two-sided Welch\'s *t*-test was used for the two-group analysis. Some of our results are preliminary, and more samples are needed for further studies. The resulting catalog contains 211,868 microbial genes and constitutes a primary source to determine the role of the intestinal bacterial community in myrmecophagy. Our results represent a proof of principle, as they can be used to characterize complex microbiomes of different physical origins.

We predicted 1,811 metagenomic species in the intestinal microbiome from fecal samples. In *M. javanica*, the three main phyla were Bacteroidetes, Proteobacteria, and Firmicutes. This result was similar to that of previous studies on myrmecophages, for which the predominant phyla were Firmicutes, Bacteroidetes, and Proteobacteria (Delsuc et al., [@B25]), whereas Firmicutes are mostly predominant in Carnivora (Delsuc et al., [@B25]). In anteaters, the gut microbiomes seem to have a high abundance of Proteobacteria (Delsuc et al., [@B25]), consistent with those in *M. javanica*. This result was also generally consistent with the results of Sanders\' studies, which showed by 16S RNA analysis that Bacteroidetes and Firmicutes dominated the intestinal microflora of baleen whales feeding on crustacean shells (Sanders et al., [@B54]). Crustacean shells are chitin-rich food, similar to the diet of *M. javanica*.

The results of the analyses of the chitinase gene of the gut microbiota of the pangolins indicated that some of the gut microbiota, such as species of *Bacteroides* (Borrelli et al., [@B8]), *Clostridiales* (Sebaihia et al., [@B56]), and *Enterococcus faecalis* (Leisner et al., [@B35]; Vaaje-Kolstad et al., [@B59]) could potentially function in chitin degradation.

Several species were found in the intestinal microflora of the pangolins that may play a role in cellulose digestion (Schumann et al., [@B55]; Bakalidou et al., [@B5]). The first of these species is *Cellulosimicrobium cellulans*, which was originally isolated from Antarctic snow (Antony et al., [@B3]). In a second group were the *Arthrobacter* species, which have been found in various environmental and animal-derived samples, such as Antarctic marine sediment (Pindi et al., [@B49]), penguin guano (Wang et al., [@B62]), soil (Zhang et al., [@B67]), sewage (Kim et al., [@B33]), seawater (Chen et al., [@B16]), and the nasal passages of the common seal (Collins et al., [@B22]). One of the *Arthrobacter* species was *Arthrobacter psychrochitiniphilus*, which was originally isolated from penguin guano (Wang et al., [@B62]). This organism can degrade both cellulose and chitin. However, the bacterium *A. nitrophenolicus*, which was also found in our samples, has been reported to degrade only 2-chloro-4-nitrophenol (Arora and Jain, [@B4]). In the third group were the *Enterobacter* species, including *E. asburiae, E. cancerogenus, E. cloacae, E. sp. 638, E. sp. DC1*, and *E. sp. R4-368*.

Some *Enterobacter* species, including *E. aerogenes* (Brzezinska, [@B11]), *E. agglomerans* (Chernin et al., [@B17]), *E. spp. strain NRG4* (Neufeld, [@B46]), as well as, *E. cloacae* (Lorito et al., [@B38]), have previously been shown to have chitin-degrading activity, which was also found in our samples. Moreover, numerous *Klebsiella* species appeared in our results, including *K. oxytoca*, which has been identified as having cellulolytic activity (Prem Anand and Sripathi, [@B50]; Anand et al., [@B1]). Finally, some *Staphylococcus species* (Wadström, [@B61]) and *Lactococcus lactis* (Vaajekolstad et al., [@B60]) found in our samples have also been reported to have the ability to degrade chitin.

For the 179 CAZy families, some GH families, including the GH18 family associated with the degradation of chitin (Xu et al., [@B65]), were abundant in the metagenomes of *M. javanica*. Genes related to the carbohydrate-binding module of the CBM37 family were also found, and the encoded proteins are described as enzymes associated with chitin binding. However, this module has only been described from the bacterial genus *Ruminococcus* (Ezer et al., [@B27]). Together with chitinase GH18, these CAZymes might help to digest chitin in *M. javanica*.

Our results also showed that *M. javanica* gut microbes, similar to herbivore microbiomes, are able to metabolize carbohydrates and amino acids (Sanders et al., [@B54]), reflecting the ability of the microbial communities of the gut to ferment polysaccharides. The chitinous exoskeletons of termites and ants comprise the major source of carbohydrate in the pangolin\'s diet, making up as much as 10% of the total calories present in these insects (Clarke, [@B20]). *M. javanica* microbiomes were also found to have abundant genes in the metabolic pathways of amino sugar and nucleotide sugar (KEGG: 00520), and these genes might be directly involved in chitin digestion. A large number of genes were assigned to the metabolism of D-glutamine and D-glutamate. Glutamate metabolism is one of the signature pathways that distinguish microbiomes exposed to preponderantly animal-based diets from those exposed to plant-based diets in humans (David et al., [@B24]) and mammals generally (Muegge et al., [@B45]). All these genes suggest a predominantly catabolic direction of protein metabolism in the animal-based diet of *M. javanica*.

Many studies have shown that the gut microbiota is related to a variety of diseases. In our study, the specific dominant species in the two healthy individuals were *Clostridium paraputrificum* and *Terrisporobacter glycolicus*, while *Pseudomonas aeruginosa* and *Parabacteroides gordonii* were the dominant species in the two diseased individuals. *Lactobacillus salivarius* and *L. reuteri* were more abundant in the healthy individuals, and these lactic acid bacteria are frequently used as probiotic agents. *L. reuteri*, one of the few endogenous *Lactobacillus* species, is found in the gastrointestinal tracts of vertebrates, such as humans, rats, pigs and chickens (Hou et al., [@B31]), and the use of *L. salivarius* as a probiotic in humans and other animals has addressed safety concerns with its use on live hosts (Chaves et al., [@B15]). *Cellulosilyticum lentocellum*, a cellulolytic bacterium, was also found to be abundant in samples from the healthy pangolins and might contribute to their health. However, two potential pathogens, *Clostridium bolteae* and *O. formigenes*, were found in this study. *O. formigenes* has been reported to be involved in kidney diseases in humans and other animals (Baloglu and Turkmen, [@B6]), and *C. bolteae* was found to increase during acute liver rejection (Ren et al., [@B53]). Although these species may not directly cause the observed diseases, they may have some influence on the death of the host.

Although sequencing of metagenomes can compensate for the deficiencies of pure culture technology, the analysis of the metagenome itself can provide information about the composition and function of the intestinal microbiome. The microbial genes expressed and their particular functions remain unknown. With the development of sequencing technology, much more detailed expression and functional information of protein-coding genes can be obtained through the metatranscriptome or metaproteome.

Here, we report the first *M. javanica* microbiota characterization using the method of metagenomic sequencing. Our findings offer an in-depth look at the microbiome of *M. javanica*, an animal with an endangered status and an unusually narrow dietary niche. This dietary restriction explains the putative harboring of cellulose and chitin-digesting microbes in the gut of *M. javanica*, together with a suite of chitinase genes, including some in the GH18 family. We also detected microbial species associated with chitin degradation and diseases. Finally, this is the first study of the gut microbiome in pangolins. Due to the deficient understanding of the functions of the microbial genes and species associated with *M. javanica*, further research is needed to gain deeper knowledge of their relationships with health and disease.
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